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Attenuated Salmonella enterica serovar Typhi live vector vaccine strains are highly immunogenic in mice
following intranasal but not orogastric inoculation. To elucidate the relationship between organs within which
vaccine organisms are found and the induction of specific serum immunoglobulin G (IgG) antibodies, we
examined the in vivo distribution of serovar Typhi vaccine strain CVD 908-htrA following intranasal admin-
istration. Vaccine organisms were cultured from the nasal lymphoid tissue (NALT), lungs, and Peyer’s patches
2 min after intranasal inoculation. Vaccine organisms persisted longer in NALT than in other organs. By
decreasing the volume of intranasal inoculum containing 109 CFU (from a single 30- or 10-ml dose to four
2.5-ml doses given over the course of 1 h), we were able to significantly reduce the number of vaccine organisms
isolated from the lungs (P < 0.05) without reducing the number of vaccine organisms in NALT. Reducing the
number of vaccine organisms in the lungs resulted in a significant decrease in the serum tetanus antitoxin
response elicited by CVD 908-htrA expressing tetanus toxin fragment C under the control of the redox-
responsive nir15 promoter. In contrast, a similar construct expressing tetanus toxin fragment C under control
of the constitutive lpp promoter stimulated a strong serum IgG tetanus antitoxin response with both inocu-
lation regimens. The data suggest that following intranasal inoculation, NALT is a sufficient inductive site for
elicitation of an immune response against both the live vector and heterologous antigen and, as occurs
following oral inoculation of humans, attenuated serovar Typhi vaccine organisms elicit serum IgG responses.

Attenuated Salmonella enterica serovar Typhi strains can
serve as live oral vaccines to prevent typhoid fever. These
strains also show much promise as live vector vaccines to de-
liver foreign antigens to the human immune system because of
their ability to elicit serum immunoglobulin G (IgG), mucosal
IgA, and a variety of cell-mediated immune responses, includ-
ing cytotoxic T lymphocytes (9, 12, 14, 20–23). For years an
important obstacle to the development of attenuated serovar
Typhi vaccines and live vectors was the lack of a small-animal
model in which to reliably assess immunogenicity of candidate
vaccine strains following mucosal inoculation (14, 15). Because
of the narrow host restriction of serovar Typhi, oral inoculation
of mice with potential serovar Typhi vaccine strains typically
resulted in minimal, if any, immune responses that paled by
comparison with the responses elicited by attenuated serovar
Typhimurium strains administered to mice orally. A serendip-
itous breakthrough was made when Galen et al. (8) observed
that attenuated serovar Typhi administered intranasally to
mice were strongly immunogenic, particularly in eliciting a
serum IgG response. This model has since been extensively
used to assess the immunogenicity of attenuated serovar Typhi
live vector constructs expressing foreign antigens (1, 17a, 18).
Despite the established utility of this murine intranasal model
(1, 8), almost nothing that explains the extraordinary immuno-

genicity of serovar Typhi vaccine strains administered by this
route is known. Accordingly, herein we report the results of in
vivo studies performed to characterize the murine intranasal
model, including determination of the anatomic sites where
attenuated serovar Typhi vaccine organisms are found follow-
ing intranasal inoculation and the identification of some pa-
rameters that influence immunogenicity.

MATERIALS AND METHODS

Culture of vaccine strain. The vaccine strain used was a DaroC DaroD DhtrA
derivative of wild-type serovar Typhi strain Ty2, designated CVD 908-htrA (22,
23). Strains were streaked from a frozen glycerol stock onto rich agar medium
(super agar; 32 g of tryptone, 20 g of yeast extract, 5 g of sodium chloride [Difco,
Detroit, Mich.; Sigma Chemical, St. Louis, Mo.]) supplemented with 0.0001%
dihydroxybenzoic acid (DHB; Sigma) and grown overnight at 37°C. Approxi-
mately 100 to 150 isolated colonies were suspended in 150 ml of Miller’s Luria-
Bertani broth (Gibco BRL, Gaithersburg, Md.) supplemented with 0.0001%
DHB. This broth culture was incubated in a baffled flask at 37°C and 220 to 250
rpm in a rotary shaker/incubator. The culture was allowed to grow to an optical
density at 600 nm of approximately 1.3, which corresponds to the late logarithmic
phase of the CVD 908-htrA growth curve. The culture was pelleted and resus-
pended in 0.5 ml of sterile phosphate-buffered saline (PBS). The number of
viable vaccine organisms was checked by plating serial dilutions of the inoculum
onto salmonella-shigella (SS) agar (BBL, Becton Dickinson and Co., Cock-
eysville, Md.). We compared growth of CVD 908-htrA on Luria agar supple-
mented with DHB and on SS agar and determined that addition of DHB to this
medium was unnecessary. SS agar, which is composed primarily of protease
digests of animal tissue and nutrient and bile salts, provides the vaccine strain
with the required aromatic compounds.

Inoculation of mice. Five- to eight-week-old BALB/c female mice (Charles
River Laboratories) were inoculated intranasally in the right naris with 1 3 109

to 4 3 109 CFU of a vaccine suspension by means of a pipette delivering either
a single 30- or 10-ml volume or four fractional volumes of 2.5 ml each (spaced 15
min apart). Mice were inoculated via the orogastric route by placing 100 ml of a
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vaccine suspension containing 2 3 109 to 4 3 109 CFU into the lower esophagus,
using a gavage needle. Mice were inoculated intravenously by injecting 100 ml of
a vaccine suspension containing 2 3 108 CFU directly into the tail vein, using a
tuberculin syringe fitted with a 25-gauge needle. Anesthesia was not used for any
inoculation procedure. Booster doses were given 28 to 30 days following the
primary inoculation and in the identical manner.

Harvesting of tissues. Ten hours following inoculation, mice were sacrificed by
CO2 asphyxiation. For kinetics experiments, animals were bled and sacrificed at
2 and 15 min and at 1, 10, 18, and 72 h. Organs were removed aseptically and
placed in 0.5 ml of chilled, sterile PBS. The entire palate containing the nasal
lymphoid tissue and neighboring epithelium (NALT) was removed by the
method of Wu et al. (25). Blood, lungs, Peyer’s patches (PP; seven patches per
animal), and NALT were removed in all experiments. Additional organs and
tissues removed for particular experiments included spleen, liver, cervical lymph
nodes (CLN), mesenteric lymph nodes (MLN), gallbladder, and bone marrow. In
an additional set of experiments, the entire gut was cultured 2 min or 1 h
following inoculation of mice with 2 3 109 CFU in a volume of 10 ml. Mice were
sacrificed by CO2 asphyxiation, and the alimentary tract was removed from
mid-esophagus to rectum; this tissue will be referred to as whole gut.

Homogenization and plating of tissues. Organs were aseptically homogenized
in an electric homogenizer, and lungs, NALT, and PP were diluted 10- to
100-fold in sterile PBS. All organs removed from intravenously inoculated mice
were similarly diluted. Neat and diluted tissue homogenates were spread onto
fresh, dry SS agar, and the plates were incubated at 37°C overnight. In experi-
ments where the entire gut was removed, this tissue was homogenized in sterile
PBS in a total volume of 5 ml. This homogenate was diluted 10- to 1,000,000-fold
in sterile PBS, and 100 ml of diluted homogenate was spread onto fresh, dry SS
agar. Colonies were counted and scored as the sum of CFU per whole homog-
enized organ or, in the case of PP, colonies per seven individual PP.

Measurement of serum antibody. Mice were bled from the retro-orbital sinus
at 0, 2, 4, 6, and 8 weeks following inoculation to obtain serum. Serum anti-
lipopolysaccharide (LPS) and tetanus antitoxin were measured by enzyme-linked
immunosorbent assay (ELISA). Immulon2 polystyrene microtiter ELISA plates
(Dynex Technologies, Inc., Chantilly, Va.) were coated with serovar Typhi LPS
(0.5 mg/well; Difco) in carbonate buffer, pH 9.1. Similarly, to measure serum IgG
tetanus antitoxin, plates were coated with tetanus toxoid (0.2 mg/well; Connaught
Laboratories, Swiftwater, Pa.) in carbonate buffer, pH 9.1. Serum IgG specific for
the listed antigens was detected with alkaline phosphatase-conjugated goat anti-
mouse IgG and p-nitrophenylphosphate substrate (Kirkegaard & Perry Labora-
tories, Bethesda, Md.). Colorimetric reactions were stopped with 3 N NaOH, and
optical density at 405 nm was measured. The endpoint titer was defined as the
maximum serum dilution having an optical density greater than 0.1. The 0.1
optical density cutoff value was experimentally determined to be the mean plus
2 standard deviations of the optical density of 20 normal mouse serum samples
measured at a dilution of 1:20.

Statistics. The numbers of vaccine organisms isolated from murine organs in
the localization experiments were compared by the Mann-Whitney U test. For
immunogenicity experiments, endpoint titers determined by ELISA experimen-

tal groups were compared by Student’s two-tailed t test. For all comparisons, P ,
0.05 was considered significant.

RESULTS

Effect of inoculum volume on in vivo distribution of CVD
908-htrA. In early experiments, the volume of the inoculum
containing serovar Typhi was 30 ml (which approximates the
volume of the murine nasal cavity) (10). Preliminary experi-
ments performed to determine the in vivo distribution of vac-
cine organisms following intranasal inoculation of mice with a
30-ml inoculum containing 2 3 109 CFU of CVD 908-htrA
showed that vaccine organisms were always isolated from the
NALT, lungs, and PP but not from the spleen, lymph nodes, or
blood. Recognizing that ingestion or aspiration of vaccine or-
ganisms could affect the distribution of attenuated serovar
Typhi within the mouse, a much smaller inoculum volume (10
ml) was tested to begin to ascertain the effect of inoculum
volume on the distribution pattern of attenuated serovar Typhi
in the murine NALT, lungs, and PP. Mice were inoculated with
109 CFU in a volume of either 10 or 30 ml, as shown in Table
1, which summarizes the methods used for this and each sub-
sequent experiment. The results of two separate experiments
showed that there was no significant difference (P . 0.05) in
the numbers of vaccine organisms cultured from the NALT,
lungs, and PP of mice that received the 10 ml versus those that
got the 30-ml inoculum (Fig. 1A).

Effect of inoculum volume on immunogenicity of CVD 908-
htrA. In analogous experiments, we investigated the influence
of inoculum volume on immunogenicity, using CVD 908-
htrA(pTETnir15) administered intranasally. This live vector
vaccine construct expresses tetanus toxin fragment C under the
control of the redox-responsive nir15 promoter (4, 8, 19) and
has been used extensively as a model heterologous antigen
system. We chose this model system in order to assess serum
immune responses both against the live vector and against the
heterologous antigen. Mice were inoculated on day 0 and
boosted on day 30 and then were bled at 2-week intervals, twice
following the first inoculation and twice following the second

TABLE 1. Summary of design of experiments

Expt No. of doses CFU/dosea Inoculum vol
(ml)

Related
figure

Effect of inoculum volume on in vivo distribution
of CVD 908-htrA

1 109 10 1

1 109 30

Effect of inoculum volume on immunogenicity of
CVD 908-htrA(pTETnir15)

2 109 10 1

2 109 30

Determination of sites and kinetics of in vivo
distribution of vaccine organisms

1 109 10 2

Effect of route of inoculation 1 intranasal 109 10
1 orogastric 109 100 3, 4
1 intravenous 108 100

In vivo distribution of CVD 908-htrA
administered by a fractional-dose regimen

1 fractional 109 2.5 3 4 5

1 full 109 10

Effect of fractional dosage on immunogenicity of:
CVD 908-htrA(pTETnir15) 2 fractional (days 0 and 30) 109 2.5 3 4 6
CVD 908-htrA(pTETlpp) 2 full (days 0 and 30) 109 10

a Range 5 1.3 3 109 to 3.99 3 109 CFU/dose.
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inoculation. Mice inoculated intranasally on days 0 and 30 with
109 CFU of CVD 908-htrA(pTETnir15) in a volume of either
10 or 30 ml showed no significant difference in the magnitude
of serum IgG responses against tetanus toxin fragment C (Fig.
1B) or serovar Typhi LPS (Fig. 1B) between the two groups.
Based on the results of both the in vivo localization and the
immunogenicity experiments, the volume of inoculum used in
the remaining experiments was 10 ml unless otherwise noted.
This smaller volume was also easier to deliver to the mice and
appeared to be less stressful to the animals.

Determination of kinetics of in vivo distribution of vaccine
organisms. The kinetics of in vivo distribution of CVD 908-
htrA in the organs of the mouse were examined at 2 and 15 min
and at 1, 10, 18, and 72 h following intranasal inoculation with
109 CFU. For the kinetics experiment we examined nine mice
(three mice, repeated three times) at 2 min, three mice at 15
min, nine mice (three mice, repeated three times) at 1 h, 15
mice (3 mice, repeated five times) at the 10-h time point, six
mice (three mice, repeated two times) at 18 h and four mice at
72 h. CVD 908-htrA was used in this and the following in vivo
distribution experiments because we wished to establish base-
line characteristics of in vivo distribution and because in pre-
liminary experiments we noted that CVD 908-htrA and CVD
908-htrA(pTETnir15) were isolated in equivalent numbers
from the murine organs. As early as 2 min after intranasal
inoculation of mice, attenuated serovar Typhi was cultured
from the NALT and lungs. Notably, serovar Typhi was also
isolated from the PP at this early time point (Fig. 2). At each
time point thereafter, vaccine organisms were cultured from
the NALT, lungs, and PP, albeit in progressively lower num-

bers. At 1 and 10 h after inoculation, the geometric mean
numbers of vaccine organisms isolated from the NALT and PP
were almost identical (approximately 4.5 and 4.0 logs, respec-
tively). At the 72-h time point, 1 log of vaccine organisms could
still be recovered from the NALT (Fig. 2A), whereas less than
one organism, on average, was isolated from either the lungs
(Fig. 2B) or PP (Fig. 2C).

Culture of the whole gut. It became clear from the kinetics
experiments that the number of vaccine organisms recovered
was around 1% of the total inoculum delivered. To determine
the fate of the majority of organisms, 2 min and 1 h after
inoculation we cultured the whole gut (esophagus to rectum)
of mice inoculated intranasally with 2 3 109 CFU in a 10-ml
volume. Two minutes after inoculation, we isolated 7 logs of
vaccine organisms, i.e., approximately 3% of the total inocu-
lum, from the whole gut. One hour following inoculation, we
isolated from the whole gut 8 logs of vaccine organisms, equiv-
alent to approximately 11% of the total inoculum and signifi-
cantly more (P , 0.02) than the number isolated 2 min after
inoculation (data not shown).

Route of inoculation (i) Intranasal versus orogastric. We
previously reported marked differences in the magnitude of the
immune response elicited by attenuated serovar Typhi live
vectors against serovar Typhi LPS and heterologous antigen
when mice were inoculated via the orogastric versus the intra-
nasal route (1, 8). To determine if this striking discrepancy is
related to differences in the distribution of vaccine organisms
in the various murine organs, mice were inoculated with CVD
908-htrA via these routes.

Two minutes after inoculation with 109 CFU, significantly

FIG. 1. (A) In vivo distribution of CVD 908-htrA in the NALT, lungs, or PP of mice 10 h after intranasal administration of 10 ml (n 5 5) (F) or 30 ml (n 5 6) (E)
containing 109 CFU. Each plot point represents a single mouse; bars represent group geometric mean. (B) Serum IgG responses against tetanus toxin and serovar Typhi
LPS in mice inoculated intranasally with 10 ml (n 5 10) or 30 ml (n 5 10) containing 109 CFU of CVD 908-htrA(pTETnir15). Arrowheads indicate the time of the
administration of the booster dose; error bars represent standard error.
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more vaccine organisms were isolated from the NALT (n 5 9,
geometric mean 5 4.4 3 106 CFU [Fig. 3A]) of mice inocu-
lated intranasally than from the NALT of those inoculated
orogastrically (n 5 3, geometric mean 5 1.4 3 104 CFU) (P ,
0.05). In contrast, following either intranasal or orogastric in-
oculation, the numbers of vaccine organisms cultured from the
lungs and PP were not significantly different (Fig. 3B and C)
(P 5 0.3 for comparison of each organ). Ten hours after
inoculation, strikingly lower numbers of vaccine organisms (,1
log) were recovered from the NALT, lungs and PP of orogas-
trically inoculated mice (n 5 6, repeated twice) versus mice
(n 5 15) inoculated by the intranasal route (3 to 5 logs) (P ,
0.01 for comparison of each organ) (Fig. 3D, to F).

(ii) Intranasal versus intravenous. The organs from which
vaccine organisms could not be isolated were also quite reveal-
ing. Attenuated serovar Typhi was not cultured from the
spleen, CLN, or MLN at 3, 10, 18, or 72 h after intranasal
inoculation. Furthermore, no vaccine organisms were isolated
from peripheral blood removed via the tail vein or from car-
diac blood at any time point. Whereas vaccine organisms were
occasionally observed in the liver at 10 h, the numbers were
inconsistent and less than 700 CFU/liver (geometric mean ,
50 CFU/liver).

Intravenous inoculation gave a distinct pattern of wide-
spread involvement of all organs of the reticuloendothelial
system. Ten hours following intravenous inoculation, large

FIG. 2. Kinetics of in vivo distribution of CVD 908-htrA in murine NALT, lungs, and PP 2 min (n 5 9) (F), 15 min (n 5 3) (E), 1 h (n 5 9) (�), 10 h (n 5 15)
(ƒ), 18 h (n 5 6) (■), and 72 h (n 5 4) (h) after inoculation with 10 ml containing 109 CFU. Each plot point represents a single mouse; bars represent group geometric
mean.

FIG. 3. In vivo distribution of CVD 908-htrA in the NALT, lungs, and PP of mice 2 min (n 5 9 for the intranasal [I.N.] group and n 5 3 for the orogastric [O.G.]
group) and 10 h (n 5 15 for the intranasal group and n 5 6 for the orogastric group) after intranasal (F) or orogastric (E) inoculation of mice with 10 ml containing
109 CFU. Each plot point represents a single mouse; bars represent group geometric mean.
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numbers of vaccine organisms were cultured from the spleen,
lungs, NALT, PP, MLN, and CLN (Fig. 4) as well as from liver,
gallbladder, bone marrow, and peripheral blood removed from
the tail vein (data not shown). In mice inoculated intranasally,
vaccine organisms were consistently cultured only from the
NALT, lungs, and PP. Ten hours following inoculation, the
numbers of vaccine organisms recovered from lungs and PP
(Fig. 4B and C) of intravenously inoculated mice were 4 and 1
log higher, respectively, than the number of vaccine organisms
recovered from the same organs of intranasally inoculated
mice. The opposite was true for cultures of NALT, as 1.5 logs
more vaccine organisms were recovered from mice inoculated
intranasally than from those inoculated intravenously (Fig.
4A). These observations agree with earlier experiments wherein
vaccine organisms administered via the intravenous route were
observed in spleen, liver, lungs, CLN, MLN, and blood at very
high levels 24 h after inoculation (data not shown).

Organ distribution of CVD 908-htrA administered by a frac-
tional-dose regimen. Having determined that vaccine organ-
isms introduced by the intranasal route could be isolated from
murine lungs, NALT, and PP, we attempted to manipulate the
model in such a manner that vaccine organisms would be
readily found in the NALT but few would reach the lungs. Only
if this could be accomplished could we be confident in drawing
conclusions about the role of NALT versus the lungs in elicit-
ing serum IgG antibody responses. We assumed that the larger
the volume of intranasal inoculum, the greater the chance that
vaccine organisms might be aspirated into the lungs of the
mice. Accordingly, to successfully deliver vaccine organisms to
the NALT while diminishing aspiration into the lungs, we
divided the standard full 10-ml dose of CVD 908-htrA into four
2.5-ml fractional intranasal doses, with one 2.5-ml dose being
administered every 15 min over the course of 1 h. In this
manner, at the end of a 1-h period, the total volume of inoc-

ulum and the total CFU of vaccine organisms administered
were equal to those delivered with the single 10-ml dose full-
dose regimen.

In preliminary experiments, the lungs of mice cultured 10 h
after administration of the fractional-dose regimen failed to
yield attenuated serovar Typhi. This finding, in stark contrast
to the results for mice inoculated with the 10-ml full-dose
regimen, supported the utility of the fractional-dose regimen.
In a subsequent experiment (Fig. 5), we examined the kinetics
of tissue localization in mice receiving the fractional-dose reg-
imen by culturing organs harvested at 2 min and at 1, 5, 10, 18,
and 72 h following the fourth 2.5-ml dose. These kinetics ex-
periments in which specimens were obtained just 2 min after
intranasal inoculation yielded surprising results. At the earliest
time point (i.e., 2 min after inoculation), vaccine organisms
were recovered from the lungs in numbers similar to what was
found in mice that received a full 10-ml dose of vaccine. Only
at subsequent time points were striking differences noted. In
mice that received the fractional-dose regimen, counts of vac-
cine organisms plummeted such that by 10 h after inoculation,
vaccine organisms could not be recovered from the lungs. In
contrast, in mice that received the full 10-ml dose of vaccine,
the fall in counts was not precipitous; approximately 4 logs of
vaccine organisms were still recovered from the lung at 10 h
after inoculation (P , 0.01) (Fig. 5B). After the 1-h time point,
significant decreases were also observed in the numbers of
vaccine organisms isolated from the NALT and PP (P , 0.05)
(Fig. 5A and C). However, the number of vaccine organisms
isolated from the NALT of mice inoculated via the fractional-
dose regimen differed from that of mice receiving the full-dose
regimen only at the 10-h time point. From the 18-h time point
onward, the numbers of vaccine organisms isolated from the
NALT of mice in each of these inoculation groups were nearly
equal, remaining at approximately 1 log. In contrast, the num-

FIG. 4. In vivo distribution of CVD 908-htrA in the NALT, lungs, PP, spleen, CLN, and MLN of mice 10 h (n 5 3 for the intranasal [I.N.] group and n 5 2 for
the intravenous [I.V.] group) after intranasal inoculation of mice with 10 ml containing 109 CFU (F) or intravenous inoculation of mice with 100 ml containing 108 CFU
(E). Each plot point represents a single mouse; bars represent group geometric mean.
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ber of vaccine organisms isolated from the lungs and PP
dropped to less than one organism on average from the 10-h
time point onward.

Effect of fractional dosage on immunogenicity of serovar
Typhi live vector strains. We next undertook to determine
whether the overall reduction in the number of attenuated
serovar Typhi in the NALT, lungs, and PP at 10 h after intra-
nasal inoculation with the fractional-dose regimen affects the
serum IgG response. Two groups of mice were inoculated
intranasally with CVD 908-htrA(pTETnir15); one group re-
ceived a single 10-ml full dose, while the second group received

the same inoculum in four 2.5-ml fractional doses. Mice were
administered a booster dose on day 30. Whereas both groups
of animals exhibited a serum IgG response against serovar
Typhi LPS (Fig. 6B), serum IgG tetanus antitoxin titers were
significantly decreased in the mice that received the fractional-
dose regimen (P , 0.01) (Fig. 6A). Since the tetanus toxin
fragment C gene in this construct is under control of the
redox-regulated nir15 promoter, we surmised the most likely
explanation for this result is that this promoter is induced when
vaccine organisms reach the milieu of the lungs but not when
they are in the environment of the NALT.

FIG. 5. Comparison of the kinetics of in vivo distribution of CVD 908-htrA in the NALT, lungs, and PP of mice inoculated intranasally by either the full-dose
regimen (F) or the fractional-dose regimen (E). The numbers of mice analyzed at each time point were as follows: nine at 2 min, six at 1 h, nine at 10 h, nine at 18 h,
and seven at 72 h. Each plot point represents the geometric mean of the group. The full-dose regimen data are compiled from results depicted in Fig. 3.

FIG. 6. Comparison of the effects of fractional-dose and full-dose regimens on the elicitation of serum IgG against tetanus toxin and serovar Typhi LPS in mice
inoculated intranasally with either CVD 908-htrA(pTETnir15) or CVD 908-htrA(pTETlpp), as indicated. Arrowheads indicate the time of administration of the booster
dose; error bars represent the standard error.
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To test this promoter hypothesis, we conducted a final ex-
periment that was identical in design to the last experiment
comparing the immunogenicity of one full 10-ml dose versus
four 2.5-ml fractional doses except that in this experiment CVD
908-htrA carried a plasmid encoding tetanus toxin fragment C
under control of a powerful constitutive lpp promoter (16). As
in the previous experiment, both groups exhibited a serum
anti-LPS IgG response (Fig. 6D). However, in this instance the
tetanus antitoxin response was strong in both groups of mice
(Fig. 6C).

DISCUSSION

The discovery that strong immune responses could be elic-
ited in mice following intranasal but not oral inoculation has
revolutionized serovar Typhi live vector vaccinology by provid-
ing a model for preclinical testing. However, the physiological
basis for the effectiveness of intranasal inoculation was not
known. We were unaware, for example, of the organ distribu-
tion of attenuated serovar Typhi after intranasal inoculation of
mice and, by extension, of the sites of immune induction for
the strong serum antibody response that follows intranasal
inoculation. The results of the experiments reported herein
have determined that depending on the volume of the intra-
nasal inoculum administered, in addition to NALT, variable
numbers of vaccine organisms are found in the lungs and PP of
mice as early as 2 min after inoculation. To find large numbers
of vaccine organisms in the PP of the distal ileum just 2 min
after intranasal inoculation was startling. We reasoned that the
most likely routes by which the vaccine organisms could reach
this distant site so rapidly would be via (i) the blood or (ii)
ingestion followed by intestinal motility. Three key observa-
tions argue against blood-borne spread of vaccine organisms.
First, vaccine organisms were never isolated from cardiac
blood or peripheral blood removed from the tail vein. Second,
if a marked vaccine bacteremia was occurring, one would ex-
pect to detect comparable numbers of vaccine organisms in the
spleen, liver, bone marrow, and other organs of the reticuloen-
dothelial system, an observation not made in mice inoculated
intranasally. Indeed, in mice inoculated intravenously with
CVD 908-htrA, large numbers of vaccine organisms were cul-
tured from these organs, in addition to the lungs and PP.
Third, in cultures of the whole mouse gut, we were able to
recover 3% of the total bacterial inoculum that had been ad-
ministered intranasally 2 min earlier. Therefore, we conclude
that an early substantial bacteremia was probably not respon-
sible for vaccine organisms reaching the lungs and PP. Rather,
it is more likely that vaccine organisms reached the lungs by
aspiration from the nasopharynx and that they reached the PP
by ingestion followed by rapid intestinal transit.

By 72 h after inoculation, vaccine organisms were no longer
recoverable from the lungs and PP but were still isolated, albeit
in small numbers, from the NALT. Thus, it appears that sero-
var Typhi vaccine strain CVD 908-htrA does not multiply in,
and is rapidly cleared from, murine tissues. These findings
concur with those of O’Brien (17), who concluded that follow-
ing intravenous inoculation of mice with wild-type serovar
Typhi, murine tissues do not support the growth of this organ-
ism. Similarly, Carter and Collins (2) determined that wild-
type serovar Typhi strain Ty2 was largely cleared within 24 h of
being administered intravenously to mice. An auxotroph such
as CVD 908-htrA should be even less capable of in vivo mul-
tiplication in murine tissues (13).

Two minutes after a 109-CFU inoculum of serovar Typhi live
vector was delivered intranasally in a volume of 10 ml, we were
able to recover from the lungs, NALT, and PP combined ap-

proximately 1% of the total inoculum administered; an addi-
tional 3% could be accounted for from cultured of the whole
gut. We hypothesize that most of the remaining intranasally
administered inoculum entered the stomach from the naso-
pharynx, where the ingested vaccine organisms were then
killed in the acidic gastric environment. In support of this
hypothesis is the report of Carter and Collins on a similarly
designed mouse experiment in which cultures of the whole gut
yielded only 1% of the total inoculum 1 h after orogastric
inoculation with mouse pathogen Salmonella serovar Enteridi-
tis (3).

We surmised that a comparison of the distribution of vaccine
organisms in murine organs after intranasal inoculation versus
orogastric inoculation might provide important insights re-
garding the inductive sites responsible for the strong immuno-
logic responses associated with intranasal inoculation. Notably,
2 min after inoculation, similar large numbers of vaccine or-
ganisms were detected in the lungs and PP of both intranasally
and orogastrically inoculated mice, whereas counts in NALT
were significantly higher in mice inoculated intranasally. Ten
hours following inoculation, the number of vaccine organisms
isolated from the NALT and lungs had dwindled to less than 1
log, whereas large numbers of vaccine organisms were still
recoverable from these organs in mice inoculated intranasally.
Interestingly, 10 h after inoculation, fewer than 10 vaccine
organisms on average were cultured from the PP of orogastri-
cally inoculated mice, despite the fact that orogastric inocula-
tion places the majority of vaccine organisms directly into the
gut. If vaccine organisms are taken up by the PP from the
intestinal lumen, it is not clear why higher and more persistent
counts in the intestinal lymphoid follicles are obtained follow-
ing intranasal compared to orogastric inoculation. The signif-
icant reduction in the number of vaccine organisms isolated
from the organs of orogastrically inoculated mice between the
2-min and 10-h time points suggests that for some reason
attenuated serovar Typhi may be cleared more rapidly from
the tissues of the latter mice. Therefore, it is the lack of per-
sistence in murine tissues that likely accounts in part for the
poor serum antibody responses against both the serovar Typhi
vector and heterologous antigen observed in orogastrically in-
oculated mice (8). The impressive persistence of vaccine or-
ganisms in the NALT following intranasal inoculation may
occur because the vaccine organisms encounter there an envi-
ronment less hostile than that in either the lungs or the PP (7,
11, 24). Furthermore, as vaccine organisms are cleared from
the lungs and PP, organisms persisting in the NALT may con-
tinuously reseed these organs at a very low level via aspiration
and ingestion. This could account for our ability to isolate
organisms from these tissues at 10 and 18 h following intrana-
sal but not orogastric inoculation.

The use of an intranasal fractional-dose regimen (2.5 ml
administered intranasally every 15 min) in which few vaccine
organisms were recovered from the lungs 1 h after inoculation
was extremely helpful in discerning the relative contributions
of NALT and lungs to the induction of serum antibody re-
sponses. The persistence of vaccine organisms in the NALT
but not the lungs implies involvement of the NALT in the
elicitation of immune responses. We hypothesized that if the
NALT is a sufficient inductive site for the elicitation of serum
IgG, then mice receiving the fractional-dose regimen should
exhibit both serum anti-serovar Typhi LPS and tetanus anti-
toxin responses. In contrast, if the NALT is an inadequate
inductive site and if involvement of the lungs is required to
induce a serum immune response, then mice receiving the
fractional-dose regimen should not exhibit a serum IgG re-
sponse against either serovar Typhi LPS or tetanus toxin. The
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observations of strong serum anti-serovar Typhi LPS and tet-
anus antitoxin responses in mice inoculated with CVD 908-
htrA(pTETlpp) support our hypothesis that the murine NALT
is sufficient to induce serum IgG against both the serovar Typhi
vector and tetanus toxin.

The inability of the fractional-dose regimen of CVD 908-
htrA(pTETnir15) to elicit serum tetanus antitoxin, even though
anti-serovar Typhi responses were elicited, and the contrasting
strong tetanus antitoxin responses that followed immunization
with the same number of CFU administered in a larger (10-ml)
volume indicate that the nir15 promoter is activated in the
environment of the murine lungs but not in the NALT. The
nir15 promoter is believed to be induced in the intracellular
environment, in particular within macrophages (5, 6). We
therefore hypothesize that shortly after intranasal administra-
tion of vaccine organisms in an inoculum volume of 10 ml,
numerous vaccine organisms reached the lungs, where they
were internalized by alveolar macrophages; the nir15 promoter
was thereupon induced, leading to expression of a high level of
tetanus toxin fragment C and stimulation of high titers of
serum antitoxin. Conversely, in mice that received the fraction-
al-dose regimen of this same construct (a regimen in which few
vaccine organisms reach the lungs), only low expression of
tetanus toxin fragment C apparently ensued, resulting in a
markedly lower tetanus antitoxin response.

The purpose of placing heterologous antigens under the
control of environmentally responsive promoters is to delay
antigen expression until the live vector strain is in an in vivo
site appropriate for optimal induction of an immune response.
Therefore, it is not unexpected that an environmentally regu-
lated promoter such as the nir15 promoter would be induced in
one in vivo site but not another. It is intriguing that the intra-
nasal murine model which has been successfully used to assess
the immunogenicity of serovar Typhi vaccine and live vector
candidates may also be able to discern the capabilities of dif-
ferent promoters to induce expression of heterologous anti-
gens. A wider array of environmentally regulated promoters
must be assessed before we can conclude how reliably the
murine intranasal model can predict promoter effectiveness in
humans. An important consideration is that the in vivo envi-
ronments encountered by serovar Typhi vaccine strains in a
human host (e.g., the lumen of the small intestine) may vary
widely with those encountered in the murine host (i.e., the
nasal cavity). Although careful and systematic analysis of pro-
moter efficacy has been initiated in attenuated serovar Typhi-
murium live vectors (5), similar analysis must also be carried
out with serovar Typhi live vectors. Indeed, any promoter de-
termined to be induced in vivo in the murine intranasal model
must be subject to further analysis in clinical studies to deter-
mine the relevance of the promoter induction in humans.
Some instances of the apparent failure of immunogenicity of
live vectors carrying plasmid constructs with heterologous an-
tigen expression under the control of environmentally regu-
lated promoters may be attributable to misconceptions about
the in vivo sites where the live vectors reside following mucosal
inoculation and the environmental milieu in those sites.

When these studies were initiated, almost nothing was
known regarding the mechanism by which serovar Typhi vac-
cine and live vector strains elicited serum IgG responses when
given to mice by the intranasal route. Studies with the frac-
tional-dose regimen suggest that the persistence of vaccine
organisms in the NALT is sufficient to induce specific serum
IgG responses. This is an important finding, since it indicates
that introduction of vaccine organisms at a mucosal site in mice
can induce a systemic immune response. As more human clin-
ical trial results become available with serovar Typhi live vector

construct, it will be possible to compare how well the immune
responses of intranasally immunized mice predict those of
orally immunized humans.
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